Raman spectroscopy on cubic and hexagonal SrMnOa 
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We report on the first optical characterization of both cubic and hexagonal SrMnC>3. Room- 
temperature Raman spectra collected by means of a micro-Raman spectrometer are shown. The 
spectrum of the cubic compound is characterized by weak and broad bands in agreement with 
group-theory which predicts no Raman-active phonons for this compound. On the other hand, the 
spectrum of the hexagonal compound shows six narrow peaks ascribed to one-phonon processes. A 
complete polarization analysis of the spectra collected from a single crystallite allows us to completely 
assign the symmetries of the six observed peaks. Atomic displacements for each phonon peaks are 
also proposed. 



I. INTRODUCTION 



In the last years, a remarkable experimental and 
theoretical effort was devoted to the study of colossal 
magneto-resistance manganites A 1 _ x A' x Mn03 (A is a 
trivalent rare-earth and A' is a divalent alkaline earth). 
The peculiar properties of these systems have attracted 
much attention owing to their possible technological ap- 
plications in the field of magnetic devices and, on the 
side of basic physics, to the possibility of disentangling 
the delicate interplay among the different microscopic in- 
teractions which govern their often uncommon behav- 
ior 0, @ • The T — x (temperature-doping) phase dia- 
gram of manganites is typically very rich and presents 
a large number of structural, magnetic, and conduct- 
ing phases Experimental and theoretical studies on 
doped compounds (0 < x < 1) have contributed to 
build up a rather general framework, where a key role 
is played by the oxygen-mediated magnetic interactions 
among the Mn ions and the electron-phonon coupling 
triggered by a Jahn- Teller distortion of the MnOg octa- 
hedra. In particular, the strength of the charge-lattice 
coupling is directly related to the average Mn valence 
state (i.e. to x) and to the spatial arrangements of the 
MnC>6 sub-lattice. Much less attention was devoted to 
the x = 1 end compounds and there are very few studies, 
mainly appeared in early papers, reporting on SrMnC>3 
(SMO), despite its importance. SMO is indeed the par- 
ent compound of one of the most studied manganite fam- 
ily (Lai-^Sr^MnOs) and of electron doped manganites 
series such as Sri-^Ce^MnOa, which are nowadays of 
utmost interest. Moreover, the possibility of switching 
the lattice symmetry of SMO from cubic to hexagonal 
depending on the growing parameters could give unique 
opportunities of studying the role of the spatial arrange- 
ments of the MnOg network. Since optical spectroscopies 
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have been largely and successfully employed to study 
manganites 0], in the present paper we report the first 
Raman characterization of cubic (cSMO) and hexagonal 
(hSMO) SrMnC>3 and a complete assignment of the ob- 
served Raman active modes. 



II. EXPERIMENTAL 

The SMO polycrystalline samples were synthesized 
with standard solid-state reaction from stoichiometric 
mixtures of SrC0 3 and Mn0 2 at 1500°C HQ. The 
sample synthesized in air is characterized by an hexag- 
onal structure. The oxygen-deficient cubic compound 
was obtained in Ar-flow. Then, the cubic compound 
was annealed for 24 h at 600°C, in a 100 bar 2 at- 
mosphere in order to reach the O3 stoichiometry. A 
detailed characterization of both sample was performed 
by means of X-ray diffraction and magnetization mea- 
surements. The hexagonal and cubic compounds belong 
to the PQz/mmc and Prnim space groups respectively, 
both samples showing a low-temperature antiferromag- 
netic phase with a Neel temperature of 278 K (hexagonal) 
and 260 K (cubic) 0,||. 

Raman-scattering measurements were performed in 
the backscattering geometry using a confocal Raman mi- 
crospectrometer (Labram Infinity, Jobin Yvon). The 
spectrometer was equipped with an He-Ne laser source 
(we used the 632.81 nm line with a power of about 15 
mW on the sample surface) and a cooled charge coupled 
device (CCD) detector to collect the scattered light dis- 
persed by a 1800 lines/mm grating. The notch filter, used 
to reject the elastically scattered light, does not allow re- 
liable measurements below 200 cm -1 . The microscope 
equipped with a 20 x objective enables for a spatial reso- 
lution gain of a few microns on the sample surface. Room 
temperature Raman spectra of SMO (hexagonal and cu- 
bic), with a resolution of about 3 cm -1 , were collected 
over the 200-1100 cm -1 spectral range. 

Sample's homogeneity was checked by comparing the 
spectra collected by focusing the laser beam on differ- 
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FIG. 1: Raman spectrum of cubic (a) and hexagonal (b) 
SMO (open circles). Best-fit curves (thick solid lines), fitting 
components (thin solid lines), and background contributions 
(dashed lines) are also shown for both compounds. Fitting 
components in (b) have been downshifted for sake of clarity. 
Note the different vertical scale in (a) and (b). In (b) the inset 
shows the presence of a double one-phonon peak at around 
440 cm" 1 . 



ent spots of the samples surface. The Raman spectra of 
cSMO have shown a quite good reproducibility whereas 
remarkable fluctuations of the band intensities were ob- 
served from point to point in the hSMO. Bearing in mind 
that the incident beam has a definite linear polarization, 
the presence of crystallites randomly oriented on the mi- 
cron scale can account for the observed fluctuations. Op- 
tical and spectroscopic analysis of very small fragments of 
our hSMO sample confirmed this hypothesis and allowed 
us to select some small single crystals to be analyzed. 
A polarization analysis of the Raman signal was thus 
carried out on a very small single crystal of the hSMO 
(about 100 x 20 ^m 2 ) using a rotating platform with fine 
tilting movements to carefully align the sample surface 
and a polarization analyzer placed just in front of the 
monochromator entrance slit. 



III. RESULTS AND DISCUSSION 

The typical Raman spectrum of the cSMO and a rep- 
resentative Raman spectra of the hSMO are shown in 
Fig. HJa) and (b) respectively. Bearing in mind that the 
intensities of the two spectra are normalized to the same 
acquisition time, it is well evident that the Raman sig- 
nal of the cSMO sample is much less structured and, on 
average, much smaller (roughly one order of magnitude) 
than that of the hSMO (note the different vertical scales 
in panels (a) and (b) of Fig. [JJ. This finding is consis- 
tent with group-theory which predicts 8 Raman active 
phonons for the hexagonal symmetry (PG^/mmc space 
group) and none for the cubic perovskite structure. The 
weak signal collected for the cubic sample is thus to be 
ascribed to Raman-forbidden modes possibly activated 



by lattice disorder or second-order Raman scattering. In 
the case of the hSMO compound, which shows several 
well defined peaks in the Raman spectrum (notice the 
two peaks structure in the inset of Fig. H£b)), the total 
irreducible representation of the Raman-active phonons 
can be determined starting from the point-group symme- 
try, that is 0: 
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The high signal to noise ratio of the data allows for a 
careful lineshape analysis. Both spectra were fitted by 
means of a linear combination of damped harmonic os- 
cillators (DHO) and a background term [Tfj. ITU]: 
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where lBKG(y) is the background contribution and the 
second term is the contribution from N phonon peaks 
of frequency i^, width Ti, and amplitude Aj. We used 
N = 12 phonon peaks plus a linear Ibkg{ v ) f° r the 
cSMO and N = 3 phonon peaks plus a diffusive electronic 
Ibkg( v ) HUE} for the cubic compound. The best-fit 
curves and single fitting-components are also shown in 
Fig. ^ whereas the corresponding best-fit phonon fre- 
quencies Vi and widths I\, are reported in tab.[l] 

Before focusing on the analysis of the hexagonal com- 
pound it is worth to notice that it has been necessary 
to introduce the diffusive term (see the dashed line in 
Fig. da)) due to the scattering of charge carriers, only 
for the cubic sample which shows a higher conductivity 
than that of the hexagonal compound [12j. 

Looking at the best-fit parameters reported in tab.QJfor 
the hexagonal sample we notice six rather narrow peaks 
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TABLE I: Phonon frequencies Vi and widths I\ for cSMO (top 
table) and for hSMO (bottom table). For hSMO 1-phonon (1- 
ph) or multi-phonon (m-ph) contributions are also indicated. 
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FIG. 2: Picture (taken with the microscope of the micro- 
Raman apparatus) of the crystallite employed for polarization 
dependent measurements. 
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FIG. 3: Rotation-angle dependence of the Raman spectrum 
of the crystallite shown in Fig. [2] The origin of the angle scale 
is arbitrary. 



(Ti < 20 cm -1 ), labelled Pi-Pg in increasing-frequency 
order, and three broad peaks (1^ > 50 cm -1 ). Since 
no broadening factors are reasonably expected for the 
hSMO, we tentatively ascribe the six P1-P6 peaks to one- 
phonon processes out of the 8 predicted, and the other 
ones to multi-phonon processes. This assignment is con- 
firmed and detailed by the polarization analysis we are 
going to discuss. By scratching the polycrystalline sam- 
ple we were able to obtain several crystallites. One of 
them, characterized by a flat surface (see Fig. 0) which 
simple test measurements suggested to be an a — c plane, 
was chosen for the polarization analysis. The flat surface 
of the crystallite was roughly aligned perpendicular to 
the laser beam using the image from the microscope. In 
order to carefully determine the orientation of the crys- 
tallite, a preliminary set of measurements was performed, 
rotating the crystallite from 0° to 200° with a 5° step. A 
configuration with scattered polarization parallel to the 
incident one was selected. The angle dependence of the 
spectrum is shown in Fig. [21 It can be noted that the 
P2 (344 cm -1 ) and P3 (434 cm -1 ) peaks show the same 
dependence and periodicity and thus the same symme- 
try, whereas the P6 (644 cm -1 ) peak is characterized by 
a clearly different behavior. The intensities (integrated 
areas) of the P2, P3, and peaks were determined at 
each angle by means of a single-peak fitting procedure. 
The resulting angle-dependencies of the intensities of the 
three peaks were then analyzed by means of three model 
functions based on group-theory and determined as fol- 
lows. We exploited the forms of the Raman tensors for 
each allowed phonon symmetry 
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and the well-known relation for the Raman intensity: 



I = \eae' 
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where e and e' are the polarization of the incident and the 
scattered light respectively and a is the Raman tensor. 
Assuming an arbitrary tilting angle [3 between the laser 
beam and the crystal c-axis, for each symmetry an an- 
alytical model function for the angle-dependence of the 
intensity was determined. Since the orientation of the 
crystal is unknown a priori we have also introduced an 
offset angle 8q for the measured rotation angle 9 so that 
9 — 9q is the angle between the incident polarization i and 
the crystal a-axis. The analytical expressions of the so- 
obtained model functions are simple although long and 
they are not reported here. 

Exploiting the calculated model functions, a fitting 
procedure was applied to the angle dependence of the 
intensities of P2, P3, and P§ peaks, assuming /3, 9q, and 
the components of the considered Raman tensor assigned 
to each peak as free fitting-parameters. Good quality fits 
were obtained only assigning the E\ g symmetry to the 
P2 and P3 peaks and the A lg symmetry to the P6 peak 
with a best fit value of 72° for (3. This result confirms 
that the flat surface of the crystallite is an a — c plane 
and that e does not lie in this plane but forms a small 
angle (18°) with it. The #0 best fit value allowed us to 
conclude that the c axis is parallel to the y axis in Fig. 

Exploiting the orientation of the crystallite thus deter- 
mined and monitoring the Raman signal, we were able 
to carefully align the flat a — c surface of the crystallite, 
orthogonally to the laser beam. In this case f3 = 90° 
and 9q can be set to 0° so that the expressions for the 
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angle-dependence of the intensities of the phonon peaks 
are strongly simplified. Thus in the parallel polarization 
geometry (e = (cos 6?, 0, sin 9) — i' in the base of crystal 
axes) one has: 

l\ x = (A — B) 2 cos 4 9 + 2B(A - B) cos 2 9 + B 2 (5) 
4 = 4C 2 sin 2 9 cos 2 9 
il = D 2 cos 4 9 

and in the orthogonal polarization geometry (e = 
(cos 0,0, sin #) and £'(— sin#, 0, cos9)) one has: 

I^ lg = (A - B) 2 sin 2 9 cos 2 9 (6) 
Ik = C 2 ~ AC 2 am 2 9 cos 2 9 
iL = D 2 sin 2 9 cos 2 9 

J - J 2g 

with A, B, C and D elements of the Raman tensors (see 
eq. |3J). We choose to analyze two high-symmetry con- 
figurations, namely: 9 = 0° (e parallel to the a-axis) 
and 9 = 90° (e parallel to the c-axis). The intensities 
for the three symmetries Ai g , E^ g and E\ g can be cal- 
culated in these high symmetry configurations exploit- 
ing eqs. ISJand El and the results are reported in tab. ITT1 
Long acquisition-time spectra were then collected for the 
selected configurations in order to obtain a complete as- 
signment of the observed phonon modes. Measurements, 
shown in Fig. were performed in both parallel and or- 
thogonal polarization. Comparing the data in Fig.^with 
tab. [H] the assignment of the P2, P3, and P6 peaks ob- 
tained from the preliminary measurements is confirmed. 
Indeed, either for 9 = 0° or 90°, P 2 and P 3 peaks are both 
visible in orthogonal polarization and vanish in parallel 
polarization as expected for the E\ g symmetry, whereas 
P6 peak is apparent in the parallel polarization and van- 
ishes in the orthogonal polarization, as expected for the 
A\ g symmetry. Four Ei g modes and one A\ g mode re- 
main to be assigned (see eq. QJ. The P4 peak is clearly 
visible in parallel polarization at 9 — 0° and its intensity 
drops to zero at 9 = 90°, whereas in orthogonal polariza- 
tion it vanishes at both angles. Comparing this behavior 
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TABLE II: Calculated intensities of the three phonon symme- 
tries in both parallel (||) and orthogonal (_L) configurations at 
high-symmetry angles. The constants A, B, C, and D are the 
components of the Raman tensors (see eq.|HJl. 
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FIG. 4: Raman spectra of hSMO at 9 = 0° (top panel) and 
9 — 90° (bottom panel) in both parallel (thick lines) and 
orthogonal (thin lines) configurations. Vertical dashed lines 
mark the position of P4 peak. Insets show magnifications in 
the regions of Pi and P5 peaks. 



with tab. [H] we can assign the P4 peak to the E2 g sym- 
metry. The behavior of peaks Pi and P5 is analogous 
(see the insets in Fig. to that of the P4 phonon and 
opposite to the Vq peak. Therefore Pi and P5 modes are 
also ascribed to the Ei g symmetry. Thus the symmetry 
of all the six observed phonon peaks was determined as 
reported in tab. IIIII 

From the point-group symmetry of the crystal, 
the symmetry-reduced coordinates for each phonon- 
symmetry can be determined (see Fig. |5J| 9] . Owing to 
the quite large difference between the atomic masses of 
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TABLE III: Assignment of the 1-phonon peaks observed in 
hSMO. 
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FIG. 5: Symmetry reduced atomic-displacements for Raman 
active phonon modes in hSMO. Sr (Mn) atoms are indicated 
by large (small) circles. 

Sr, Mn, and O, it is reasonable to assume that the ob- 
served phonons are almost pure modes, i.e. they mainly 
involve displacements of a single atomic species. There- 
fore it is possible to assign the phonon peaks appearing in 
the spectra to the atomic displacements shown in Fig. |S] 
As a rule of thumb we can assume that phonons involving 
displacements of lighter ions have larger frequencies and 
moreover it is generally correct to assume that stretching 
modes have frequencies higher than bending modes. On 
the basis of these assumptions, we ascribe peaks P2 and 
P 3 to the Ei g (l) (Mn displacements) and Ei g (2) (O dis- 
placements) modes respectively accordingly with the no- 
tation used in Fig. 03 As to the P§ peak (Ai g symmetry) 
its high vibrational frequency suggests the assignment 
of this phonon to the Ai g (2) mode (O displacements) 
rather than A lff (l) mode (Mn displacements). This as- 
signment is consistent with that reported for isostruc- 
tural BaRu03 The remaining peaks Pi, P4, and P5 
have E2 g symmetry. Bearing in mind that in BaRu03 
the i?2 9 (l) mode involving Ba-displacements is centered 



at 90 cm -1 (Ref. [l3l] ) and that the ratio between atomic 
masses of Ba and Sr is 1.57, we expect the i?2 9 (l) phonon 
in hSMO to have a frequency well below our experimental 
lower frequency-limit of 200 cm -1 . Therefore, exploit- 
ing the aforementioned assumptions, we ascribe Pi peak 
to the i?2g(2) mode (Mn displacement), whereas the P4 
peak is assigned to the i?2 3 (3) mode (O bending), and the 
P5 peak is ascribed to the £?2 S (4) mode (O stretching). 

The assignment of the six one-phonon peaks observed 
in hSMO is summarized in tab. IIIII 



IV. CONCLUSIONS 

In summary, we reported the first optical characteriza- 
tion of both the cubic and hexagonal SrMnC>3 mangan- 
ite, performed by means of Raman spectroscopy. Consis- 
tently with group-theory, which does not predict Raman- 
active peaks in the cubic compound, the spectrum of this 
compound substantially consists of very weak and broad 
structures, probably due to Raman-forbidden modes 
and/or multi-phonon processes. On the other hand, the 
spectrum of the hexagonal compound shows six sharp 
peaks ascribed to one-phonon processes. Exploiting our 
micro- Raman apparatus, a polarization analysis was per- 
formed on a small crystallite of the hexagonal sample. A 
preliminary set of measurements allowed us to assign the 
symmetry of the main phonon peaks and to carefully de- 
termine the orientation of the crystallite. A second set 
of measurements was performed, aligning the crystallite 
with the a — c plane orthogonal to the optical axis. By 
using these data, a complete assignment of all the ob- 
served Raman-active phonon peaks was performed. This 
study by micro Raman on small manganite crystallite 
show that a good accuracy can be achieved for these tran- 
sition metal oxides. It opens thus the route to the study 
of other compounds such as YM11O3 for instance in which 
the trivalent manganese adopts a five fold coordination 
in MnOs trigonal bipyramides. 
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